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ABSTRACT 


The Near-Net-Shape route of manuf acturi oq flat products has 
received considerable importance in the recent times due to the 
economic advantages associated with it. One such process is the 
single roll /drum horizontal strip caster. In this caster, the 
liquid metal from tundish is allowed to flow through a nozzle on 
to the surface of a rotating copper /steel drum which is water 
cooled from inside. The melt solidifies at the point of contact to 
form a thin skin which continues to grow to become the strip 
during the course of motion in the liquid. In the present 
investigation, an attempt has been made to predict the effect of 
process parameters on the process peformance with the help of two 
mathematical models which are formulated to simulate the process. 

The first formulation is based on the macroscopic heat balance in 
which the rate of growth of sol idi f ication front is eKpressed as a 
function of the enthalpy difference of the mass fraction of the 
liquid udergoing liquid-solid phase transformation- Using this 
f CMTfiiul at i on it has been possible to predict the effects of such 
operating conditions of the caster as the speed of rotation of the 
drum, cooling rate, melt temperature and the design aspects like 
the thickness of the drum wall and height of melt fill on the 
thickness of the strip. The results show that the strip thickness 
is dependent on these parameters and speed of rotation of the drum 
i 5 the most i mport ant one. 



The second model is based on a microscopic heat balance applied ii 


the -form ot net heat energy entering the system being equal to th( 
net heat leaving the system. Solution o-f the model equation, gives 
useful information like the temperatures existing along the 
surfaces of the drum and in strip for different operating 
conditions- The results show that the temperature existing on the 
drum is dependent on the strip thickness being cast and the 
cooling rate occuring in the casting is strongly dependent on the 
thickness of drum wall used in the caster. 

Simulating the process with the help of these two models, it has 
been possible to draw some conclusions about the kind of 
interrelationships that exist between the key variables of the 
process from the point of view of operation and design. 
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Chapter 1 


INTRODUCTION 


The conventional methods o-f producing metallic strips and sheets 
require the casting o-f large ingots or slabs which are 
subsequently hot rolled and cold rolled to -final thickness. 
Several unit operations like ingot soaking, slabbing, slab 
grinding, intermediate annealing, pickling, coil grinding, -final 
annealing and final pickling are generally involved. These 
operations consume time and energy and often require expensive 
equipments. An alternative to this route, which has shown a lot of 
potential is the near-net— shape casting (also known as direct 
strip casting). In this method, the steel strips/thin slabs are 
cast close to the final strip thickness and thus many of the unit 
operations of the conventional method are eliminated. The two 
routes namely, the conventional route and the direct strip casting 
route are shown pictorially in Fig- 1.1 . 


The casting of strips and sheets directly from liquid metal has 
become an established practice in aluminium and other low melting 
alloys. Casting high melting point metals like steel has however 
not yet been commercialised widely in spite of the fact that the 
first attempts to cast steel strip and sheet date back to over a 
hundred years. In July 1865, a U.S. patent was issued to Sir Henry 
Bessemer on a process for ’rolling sheets, plates, bar and other 
forms from fluid malleable iron or steel by running or pouring the 



said fluid material between rolls'. But this process could not 
succeed at that time because of constraint in the quality of 
material and the inadequate process control. With the advancement 
of Technology, most of these problems have been overcome and very 
recently Nippon Steel, Japan announced the production of stainless 
steel sheet using such technique. 


Table 1-1 shows a comparison of energy consumption between the 
three carbon steel sheet /strip producing processes s Ingot 
casting. Conventional continuous casting and Direct strip casting 
(DSC). The figures represent the energy requirements for producing 
steel strip from the molten metal stage to the final product. For 
the direct strip casting process, the figures include the energy 
required in ladle holding and heating, tundish pre— heating, 
casting and post casting treatments such as pickling, 
rolling and annealing. The figures indicate that approximately 68% 
energy savings is possible by using the direct strip casting 
method in place of ingot process. Comparison of the conventional 
continuous casting process and the direct strip casting method 
indicates a saving of 61% energy savings from the use of the 
1 atter . 


The direct strip casting units are classified into four categories 
based on the thickness of strip/slab these are capable of 
producing s 



(1) The thin slab caster producing 20-A0mm thick slabs which 

could be directly -fed into the -finishing stands o-f the 
hot strip mill. 

C2) The thick strip casters giving 5-15mm thick strips which 

need some limited hotrolling due to metallurgical 

reasons. 

(3) Strip casters producing strips less than iOmm thickness 
which go directly to the cold rolling plant. 

(4) The thin strip caster which would produce directly a 
■fi nal product equivalent either to the as rolled sheet or 
to the cold rolled sheet : the thickness then goes down 
to 1/lOths o-f a mm. 

In the light o-f the numerous advantages that the near— net— shape 
casters o-f-fer, attempts are being made all over the world to 
develop these processes. Research Sk Development unit o-f the Bovt. 
of India owned public sector undertaking 'Steel Authority of 
India Ltd.* (SAIL) is attempting to indigenously develop one such 
process (single roll, horizontal design). The task of developing 
the mathematical model for quantitative analysis of the single 
roll process to predict the effect of process parameters B-.g., 
speed of rotation of the drum, cooling conditions of the drum, 
con^osition of steel, superheat of molten steel etc. on the final 
product thickness has been entrusted on this department. The 
present investigation is a part of this major project. 



The main aim in the present investigation is to develop simple but 
realistic enough mathematical models based on the conservation of 
heat which can be used to predict the effect of various process 
parameters on the process performance in terms of strip thickness 
and the rate of production etc. Tt is envisaged that such an 
analysis will give insight about the process which may be 
desirable from the point of view of designing the caster 



Chapter 2 


LITERATURE REVIEW 

This chapter has been divided primarily into two parts. In the 
-first part, a briet description of various near — net -shape casters 
is presented whereas the second part consists of a critical 
review of the literature on the mathematical modelling of the 
physical phenomenon involved. 


3.1 DESCRIPTION OF VARIOUS NEAR -NET -SHAPE CASTERS 

The design and implementation of near-net -shape casters must meet 
certain requirements in order to prove more effective to the 
conventional continuous casters. Some of these requirements are s 

(1) Their productivity must match at least with that of 1— 
strand continuous caster producing the same width in 
order to avoid excessive multiplication of casting 
strands. This means that the casting speed has to be 
increased in inverse proportion to the ratio of 
thi cknesses. 

(2) Stationary oscillating moulds are unable to cope with 
such high speeds - the traveling mou d that accompanies 
the product during its withdrawal is the solution. 



Belts and rolls are the best designs that cotild be 
consi dered* 

(3) The feeding of molten steel should be gentle to avoid 
splashes which could lead to poor surface quality. Molten 
steel pre— treatment , dynamic control of temperature, 
prevention of reoxidation and reni trogenat i on by the air 
are essential to ensure satisfactory quality. Surface and 
internal quality must be i rreproachabl e, since there is 
no chance to correct these defects in the as cast 
condition. The geometry of the product should also foe 
adequate s flatness, longitudinal and transverse profiles 
and width must be controlled. 

(4) At the eMit of mould, the cast product should be easily 
stripped from the mould surface. 

C5> For thin slab casting, the surface temperature over the 

entire strand dimension should be high enough to allow 
subsequent hot rolling when necessary. 

(6) Comprehensive production planning and quality control 

systems for casting different types of steel with 
properties equal to or superior to the ones produced 
through conventional routes. 


The various types of near-net-shape casters for steel which are 
under development or have already been introduced at least at the 
1 aboratory/pi 1 ot plant stage can be classified into 3 categories: 


Cl> 


Stationary mould casters 



( 2 ) 


Travelling mould casters 


(3) Spray deposition casters 


2.1.1 Stationary Mould Casters 


These designs are based on the -familiar technology of 
conventional continuous slab casting but -for product thickness 
■from 40— 70mm in widths of up to l-6m and at a speed of 5-£»m/min. 
Figure 2-1 depicts some of the stationary mould designs. Most o-f 
these designs incorporate the 'classical' vertical mould with 
oscillation movement. In order to avoid metal feeding problems, 
the upper mould section is made wide enough to accommodate a 
refractory tube. The strand which is still not completely 
solidified is reduced to its final thickness through one of the 
following methods : 

- an oval casting section with reduction below the mould 

- a partially oval ('bellied') section with reduction below 
the mould 

- a flat section gradually reduced over the mould's full length 

- a rhombic section gradually reduced in the upper part of the 
mould 

- a 'bellied' section gradually reduced in the upper half of 
the mould incorporating movable narrow faces to compensate 



"for the width increase enperienced during thickness 


reduct i on • 


SHS Schloemann— Siemog have reported the use ot funnel shaped 
stationary mould with a specially contoured submerged nozzle to 
prevent steel reoMidation in their 1985 pilot plant for slab 
casters. A high casting speed of m/min. and mould oscillation 
of 400 cycles/mi n- at stroke lengths of 4~’8mm has been tested fcjr 
producing all types of steels that are conventionally castable. 
Use of new viscosity, low melting point mould powder is used. MDH 
and HRW of FRG have announced the development of a slab caster 
(40 - TOmm thickness, l-2m wide) with narrow submerged nozzle, 
vertical curved mould with parallel broad faces to guide the 
strand vertically in the upper part of the mould and tangentially 
at the lower mould region and adjustable mould width. The caster 
can also work under any dry conditions without water spray. 
Direct hot rolling to lOmm has also been tested. In all these 
stationary mould processes, a high mould friction is the liniiting 
factor. Therefore casting speeds are limited and so is the 
throughput rate. This is apart from the hazard of surface defects 
when casting thin sections with mould powder as the lubricant 
or without any lubricant at all. 


2.1.3 Travelling Mould dasters 


Fig. 2- 2-2. 4 depicts some of the casters in this category. The aim 


in these designs is to minimise the interaction between the mould 
wall and cast product which is a major de-ficiency in the earlier 
mentioned process -for casting thin sections at high speeds. These 
casters require no casting powder tor lubrication but -for heat 
-Flow reasons a suitable coating is provided. Some o-f the 
prominent casters in this category are eKplained in the 
-Following pages : 

2. 1.2>] Twin Belt Thin Slab Caster 

A general design di -FFerenti ating diagram o-F the di-Fterent casters 
in this category is shown in Fig. 2.2. The Hazelett twin belt 
caster, the concept of which was proposed in 1940 by Hazelett 
■Fch- casting non Ferrous metals has been tried with steel. The top 
and bottom mould surFaces consist oF thin endless steel belts 
supported by large Finned pulleys. The belts are driven by nip 
pulleys, while surFace Flatness throughout the length oF mould is 
provided by tension pulleys. Several Finned backup rolls give 
Further support. The width and thickness oF slab is determined by 
a series oF steel edge dam blocks attached to a welded stainless 
steel strip. The mould cavity is Formed by sandwiching the edge 
dam block between the upper and lower belts. Both the belts are 
water cooled. High pressure water is directed towards the Front 
end oF the caster belt and low pressure water in other regions. 
To assure consistent heat transFer and to separate the belt From 
slab at exit, a consumable coating and parting agent is used. The 
stock From this caster is Fed to a slightly lower speed rotating 
pinch roll which accommodates constant compression during total 


sol iciiFication. 



Kawasaki and Hitachi have attempted a vertical con-f iguraticwi o-f 
the above process with a V shaped mould and submerged nozzle. 
Krupp, Sumitomo Metal Industries, U-S. Steel and Bethlehem Steel 
Corporation are the others who are attempting this process with 
improvements. Problems in direct hot charging, steel feeding, 
side sealing and width adjustment during casting have been 
reported. 

2. 1.2.2 Moving Belt with 1 or 2 Rollers 

The use o-f rollers is required to eliminate the last menticHied 
problem o-f the previous process namely width adjustment and steel 
feeding. The designs are still not perfected and i n vest i gat i cwis 
in this direction are actively being pursued at NSC, NKK, 
Kawasaki Steel, Kobe Steel, Nippon Metals all from Japan and 
Bethlehem Steel— USA, IRSID and many research establ i shmentis in 
Europe. 

The processes in this category involve feeding liquid metal 
between the gap of the two rotating rollers or a roller and belt 
the inside of which are water cooled. Fig. 2.3 schematically 
shows of some of these processes. British Steels,' U-K- has 
reported the use of a mould car to pour metal onto a 
horizontally moving belt. In these processes, the speed of 
rotation of the rollers is crucial since shearing of strip is to 
be avoided. The problems reported in these designs is the 
difficulty in controlling the process, which is important 
since the internal quality very much depends on the process 
condititHi and requires the maintenance of constant temperature 



across the width. 


SINSJE ROLL CASTERS which make use of only 1 roller belong to the 
typical melt— drag processes. One such process which has been 
examined in this investigation is described in detail in chapter 
3. The di-f-ferent types o-f casting machines in this categcwy are 
shcM«^ in Fig. 2.4. The single roll casters have been built or 
announced by Battel le Columbus, MIT, National Steel, Armco, 
Allied Chemical, Allegheny Ludlum, Voest Alpine and Nippon Metal 
Industry (NTK) . NTK jointly with Krupp Stahl have developed a 
twin roll caster with unequal diameter stainless steel rollers as 
the cooling substrate. The reported strip thickness is in 
widths o-f 30cffl at casting speed of 10-40 m/min. The problems 
reported in these processes is the dependency of strip thickness 
on the process conditions and the criticality in the requirement 
of substrate surface quality. But the process has the advantage 
of simple machine design and the internal quality of strip is 
largely independent of process conditions. 

2.1.3 Spray Deposition Process 

Fig- 2-5 shows the different designs in this category. In these 
processes the steel issuing from tundish is atomised by a nozzle. 
The droplets deposit and solidify on a collection surface or 
substrate vrtiich is moving. Depending on the substrate used, 
billets, slabs, tubes, strip or even coatings can be produced. 



The use o-f several nozzles permits the production o-f composites 
and multi layer materials. Using an injector nozzle it is 
possible to incorporate -finely dispersed particles- A variation 
o-f this process is the spray rolling process in which the sprayed 
mass is hot or cold rolled to eliminate porosity and ' obtain a 
soKXsth semi-finished sheet product. The reported problem ot this 
process is the typical sur-face texture in the cast product. The 
worldwide activities in the area o-f near— net— shape casting 
processes is shown in table 2.1. 


2.2 KATHEMATICAL MOIMSLLING OF THE PHYSICAL PHENOMENON 

INVOLVED IN NEAR-NET -SHAPE CASTING PROCESSES 


In the near — net— shape casting processes, the liquid with some 
amount o-f superheat comes in contact with a moving substrate 
which is at low temperature and continuously cooled -from spray 
water. Due to the rapid heat extraction, the liquid solidi-fies on 
the substrate to a small thickness which continues to grcmi to 
final thickness during the further course of motion of the 
substrate in the liquid metal. In the following paragraphs a 
critical review of the literature on the mathematical " modelling 
of the physical phenomenon involved is presented. 


The general numerical treatment of the rapid 


sol idifi cation 



phenooienon occurring in the rotary type o-f continuous casters 

12 lij 

have been researched by Clyne and Takeshi t a . They have 
analysed the heat trans-fer problem with phase trans-f iwmation 
during the quenching to predict the solid-liquid inter-face and 
the temperature change. The analysis couple the heat -flow with 
crystal growth kinetics. The selection of appropriate boundary 
conditions is also given. 


Stanek and Ssekeley^^ have quantified a drum and ring type of 
hctf-izontal strip caster using an analytical method. The 
analytical expressions were obtained on the basis of two heat 
balances s (i) the growth of shell on the drum and ring was 
through a dynamic heat balance between the rate at which thermal 
energy was supplied and withdrawn at the melt-solid interface. 


and 

<ii ) 

the 

rate of 

heat i nput 

by the metal stream must 

be 

equal 

to 

the 

sum o-f the 

- rates of 

heat removed by 

the 

drum 

and 

ring. 

The 

two 

equations 

involving 

strip thickness 

and 

speed 

of 


rotation as variables was solved by trial and error. The model 
equations have been tested for two steel strip thicknesses 
namely,' 3.8ffim and 12.5mm. In the former, the growth of skin 
matched closely with the numerical trend taking a near linear 
form from start to end, while in the latter, there was slight 
deviation from the numerical trend but still retained the linear 
near form. 


One of the major shortcomings of this model is its inability to 



account -for the rapidly sol idi tied component in the growth o-f 
skin. The drum and ring stay in heat supply 2 Dne -for less than 
l/4th o-f the time required to complete 1 revolution and during 
the entire period, both are continuously cooled -from spray 
water. So the temperature at which the drum and the ring enter 
the heat supply zone is -very much less compared to the 
teo»perature of liquid, with the result that as soon as this 
sur-face comes in contact with liquid, there is rapid quenching 
trans-forming it into solid at the start of sol i di-f ication- The 
The growth ot skin into -final strip thickness takes place above 
this rapidly sol i di-f ied mass. 


Pimputkar e^ai /itlYd shown that in case o-f single roll horizontal 
caster, the -final strip thickness t^ is built -from three 
contributicMis t., t and t where t. is the thickness -from rapid 

1 V p 1 

soli di-f ication, the determination o-f which is through an 
approximation of heat trans-fer to that occurring between two semi 
-in-finite media; t^ is the component -from liquid which is dragged 
along by the solidi-fying strip due to viscous traction; and t^ is 
the thickness -from pressure or head driven liquid -flow. The 
results show that the stand— o-f -f distance between the tundi^ and 
nozzle, the head height, wheel speed and melt pressure to be 
strongly a-f-fecting the strip thickness while the orientation ot 
ori-fice and its size, superheat o-f melt, substrate temperature 
and material to be weakly a-f-fecting the strip thickness. 



Very thin strip -formation in single roll chill block casters is 

1 Q 

both heat and momentum controlled and not just momentum 

control led^^. The results o-f such an analysis show that the strip 

thickness increases with cooling conditions. The problem was 

treated as a two dimensional transient -fluid -flow with -free 

boundaries using a SOLA— VOF code computer program and the results 

showed the presence o-f some rotational fluid flow in the melt 

puddle and the length of puddle decreased with increase in 

substrate velocity. But the puddle length increased with decrease 

19 

of melt- jet velocity . Experimental investigations for thermal 

contact between melt and substrate showed that the value of heat 

transfer coefficient was not constant throughout the strip 

length but a higher value at the start and lower value towards 

the end prevailed. In addition to an effect from roll material 

and substrate velocity , the strip thickness increased with 

increase in contact area but the growth was more at the start and 

20 

alaiost constant towards the end 


For the same single roll chill block melt spinning process, 

13 

Gutierrez has solved the momentum and energy equation right 
upto the meniscus in liquid based on the dominance of capillary 
fluid dynamics in the process. The equation used for correlating 
the height of meniscus was from the formulations developed while 
withdrawing solid bodies from liquid. An explicit finite 
difference scheme was used to solve the partial differential 
equations. The predictions from the model are similar to the 
earlier ones. The existence of a large area of slowly 


recirculating -flow centred about the middle o-f the puddle was 
5hD«i«i. The temperature gradient across the different sections of 
the flow were able to explain the mi crostructural characteristics 
of the cast strip. 


1 4 

Yu for the same process used the rate of grcwth of 

sol idif icaticn frcmt data to locate the solid-liquid interface. 

The conservation of mass and momentum were set up for the 

different regions of the process and the differential equation of 

the meniscus profile was expressed in terms of the atmospheric 

pressure and the pressure inside puddle using the thin film 

theory. The equations were solved iteratively with an assumed 

value of puddle pressure and confirmed if the height of meniscus 

at the point of final strip thickness was zero. A fourth order 

Runge— Kutta method was used for solving the differential equation 

of the meniscus. The model has been tested for aluminium strip 

thickness of 0.15— O.TOrom and tundish— roll gap of 0.75— 1.20«m. The 

results show the possibility of casting thinner strips at high 

speed and reduced width of nozzle passage. Not much variation in 

strip thickness was observed while altering the roll— tundish 

gap which contradicted the experience with casting slightly 

2 

higher strip thickness . The main difficulty associated with 
this model is the generation of rate of growth of solidification 
frcw>t data. The latter is a function of the speed of rotaticxi 
of substrate material, heat transfer coefficient, superheat of 
liquid and the thermal conductivity of substrate material. 



reel rcul atiing -flow centred about the middle o-f the puddle was 
shoMTt. The temperature gradient across the di-f-ferent sections o-f 
the -flow were able to explain the mi crostructural characteri sties 
o-f the cast strip. 


14 

Yu -for the same process used the rate o-f growth o-f 

sol idi-fi cation -front data to locate the solid-liquid inter-face- 

The conservation o-f mass and momentum were set up -for the 

di-f-ferent regions o-f the process and the di-f-ferential equation o-f 

the meniscus pro-file was expressed in terms of the atmospheric 

pressure and the pressure inside puddle using the thin film 

theory. The equations were solved iteratively with -an assumed 

value of puddle pressure and confirmed if the height of meniscus 

at the point of final strip thickness was zero. A fourth order 

Runge— Kutta method was used for solving the differential equation 

of the meniscus. The model has been tested for aluminium strip 

thickness of 0.15— 0.70mm and tundish— roll gap of 0.75— l-20mm. The 

results show the possibility of casting thinner strips at high 

speed and reduced width of nozzle passage. Not much variation in 

strip thickness was observed while altering the roll— tundish 

gap which contradicted the experience with casting slightly 

2 

higher strip thickness . The main difficulty associated with 
this model is the generation of rate of growth of solidification 
front data. The latter is a function of the speed of rotation 
of mibstrate material, heat transfer coefficient, supwheat of 
liquid and the thermal conductivity of substrate material. 



1 5 

Berger used a control volume approach -for di’fterent zones 
ot the process instead o-f seeking the solution to -full 
governing non-linear partial di -f terenti al equations. Homentum 
ccMiservati on equations were written -for di-fterent zones while 
the sol idi-fi cation zone included an additional energy 
conservation equation taking into account the pool heat trans-fer 
coe^-Ficient between liquid and solid and the latent heat. It was 
assumed that the liquid— solid inter-face was -flat. The contact 
angle between the solid— liquid inter -face and the substrate 
sur-face, and the strip thickness were the variables in the 
■final equation. A major assumption that the contact angle value 
■for any particular tundish— roll gap which also corresponds to 
the maximum strip thickness that could be cast was considered 
valid -for strip thicknesses less than this. By, this di-f-ferent 
strip thicknesses were determined -for di-f-ferent operating 
conditions. The results indicate the maintenance o-f a certain 
amount o-F curvature -for the meniscus in the process. 


21 

Miyazawa has modelled a double roll caster -for casting strips 
o-f 0-01— O. lOmm thickness. Both -fluid -flow phenomenon and the 
plastic deformation of the solid phase are included for 
quantification. The two dimensional convective— diffusion energy 
equation was solved using an implicit finite difference scheote. 
The results of the model showed that the range by which the 
operating parameters (roll gap, angular velocity of rolls, feed 
rate of material) could be varied was narrow and a vortex in 
liquid was cribserved just above the point v^ere the two solid 


shells join to -form the strip. Some amount o-f solid recirculation 
at the solid -fusion point was observed -for high volumetric -flew# 
rate o-f incoming liquids. 

The model equations have been extended to cast strips upto 1mm 

using copper rolls and the supercooling phenomenon o-f liquid was 

21 

taken into account . Detailed mathematical analysis is not 
provided, but the e-f-fect o-f roll rotation speed on the distance 
-from meniscus to the starting point oT solidification is shown. 
With increased initial undercooling , commencement o-f 

sol idi-fi cation was delayed. The end point o-f sol i di -fi cation did 
not depend on the initial undercooling because the sol i di-f icati on 
rate increased with increased undercooling. 


2.3 HEAT TRANSFER COEFFICIENT DATA 


Some results o-f the experiments conducted -for measuring the heat 

trans-fer coe-f-f icient required in the mathematical modelling of 

near-net— shape casting processes indicate a dependence of the 

latter on the type of spray, distance of separation “of spray 

from the surface and the water flux falling on the surface. These 

are available in the form of graphs which is shown in 

22-24 


Fig. 2.& 



Tn view erf the non— availability o-f an appropriate mathematical 
•cxlel -for a single roll horizontal strip caster capable 
producing strips in the thickness range 3- 10mm, an attempt is made 
in the present investigation to develop some simple mathematical 
models v^ich can be used to predict the e-f-fect o-f the operating 
parameters o-f the process like melt temperature, speed o-f 
rotation, contact area etc. on the process per-formence in terms o-f 
strip thickness, temperature distribution in the strip and copper 
drum etc. 


Chapter 3 describes the construction and design of the strip 
caster that has been mathematically modelled in this 
investigation. 


In chapter 4, a mathematical model based on the macroscopic heat 
balance is given. The principle involved in the development is 
expressing the rate of growth of solidification front as a 
function of enthalpy difference. Using this, two simultaneous 
equations are arrived at, in which the strip thickness and the 
speed of rotation of the roller are the only variables. These 
equaticHis have been solved analytically to examine the effects of 
speed of rotation of the roller, cooling rate, melt temperature 
etc. on the strip thickness. The results based on this model are 
presented at the end of this chapter. 



A microscopic heat balance model is developed in chapter S which 
is based on the principle that the net enthalpy input into the 
system must be equal to the net heat removed -from the system. The 
heat balance is carried out along the system boundaries in 
microscopic elements. The model can give information like the 
temperature that exist along the inner and outer surfaces of the 
roll for different strip thicknesses, for different cooling 
conditions and for variations in the geometry of the process. 

Based on the experience of the simulation of the process using the 
two mathemati cal models, some tentative conclusions that can be 
drawn about the process are given in chapter 

Chapter 7 contains some suggestions and the scope of enlarging the 
present models for further refinements. 



Chapter 


PROCESS DESCRIPTION 


The single roll strip casting process that has been modelled and 
simulated in the present investigation is the one being envisaged 
and -fabricated by R & D Centre tor Iron and Steel , SAIL, Ranchi . In 
the first secticwi of this chapter, a brief descripticHi of the 
caster is presented while the physical phenomenon taking place 
during the casting is described in the last section. 


3.1 INSCRIPTION OT- CASTER 


A schematic sketch of the caster is shown in Fig. 3-1. The set up 
consists of the following main components : 


1 

Tundish 

S 

Water Outlet 

2 

Copper Drum/Rol 1 er 

a 

Kni-fe edge 

3 

Pressure Roll 

7 

Electric Motor 

4 

Iplater Sprays 




3.1.1 Tundish 


It is made of alumina— graphite refractory and is designed to hold 
liquid metal upto a capacity of 50 kgs. The r'efractory wall of 
tundish facing the copper drum has a concentric profile to the 



latter and is positioned as close to it as possible so that no 
scratches occur on the drum surface. A diagram of the tundish is 
shown in Fig. 3.2. The internal dimensions of the tundish are 
240x 1 50x 200mm (length— 150mm, breadth— 200mm, hei ght— 240miii) . The 
tundish has a rectangular nozzle opening at the bottom of the wall 
facing the drum through which liquid metal flows on to the 
rotating drum. The liquid pool for solidification is contained in 
the gap (20mm) between the tundish and the drum. To place the 
tundish at different positions above the horizontal plane of the 
drum, different tundishes with slightly different wall contours to 
match the surface contour of the drum are used. 

3.1.2 Copp&r Drum ^ Roller 

It is made of electrolytic grade copper and has an outer 
diameter of 0.2Sm. The wall thickness of the drum is 50mm. The 
ends of the drum are fixed to close fitting flanges at the centre 
of which a shaft passes. Powered from a DC motor, the drum can 
rotate between 0.1—11.5 RPM as per requirement. The surface of 
drum has been finished to mirror quality. The liquid metal strikes 
the drum surface above the horizontal plane of drum at some point 
depending on the position of the tundish. Heat is continuously 
extracted from the internal surface by water sprays 'mrfnich are 
located inside the drum. A knife edge located on the other side 
peels off strip from the drum. To measure the temperature of the 
drum, there is provision to insert thermocouple temperature 


sensors 


one near the outer surface, one at the centre and the 



third one towards the inner sur-face. For a given height o-f liquid 
in the tundish , strips o-f di-fterent thicknesses can be produced 
by varying the speed o-f rotation o-f the drum- The copper drum has 
a width of 40Omin. 

3.1.3 Pressure Roll 

Situated vertically above the copper drum, the primary aim of 
this component is to unitormise the thickness o-f strip. Its 
diameter is SOmm and made -from stainless steel. It is capable o-f 
vertical movement -for adjustments to di-f-ferent strip thicknesses. 


3. 1 . -4 Water SZpr ay 

The spray water extracts heat -from copper drum which in turn 
extracts heat -from the liquid metal thus -facilitating 
sol idi-fi cation. The inlet water is through a horizontal pipe 
passing along the axis of the drum- On this pipe are mcujnted 12 
nozzles. These are arranged in 3 rows each row having 4 nozzles. 
These 4 nozzles are positioned at right angles to each other- The 
diameter of the nozzle at the exit point is 5mm and the solid 
angle of spray cone ranges between 61 - 64°. Some 'additional 

details of the nozzle are included in table 3-1. The nozzles are 
staticHiary at all times. The inlet water pressure normally is in 
the range of 4—5 kg/cm2. 



3.1.5 


Water Outlet 


The temperature o-f cooling water a-fter heat extraction is expected 
to be about 60-70°C. A-fter striking the inner sur-face o-f the 
copper drum, the spray water -falls to the bottom o-f the drum, -from 
v^ere it is continuously pumped out. 


3.1.6 Knife Edge 

The kni-fe edge is fixed to a stand which is to the le-ft o-f copper 
drum. By giving appropriate horizontal and vertical movements, the 
kni-fe edge can be positioned to any location on the upper le-ft of 
the drum. The primary function of the knife edge is to separate 
the strip from the drum surface and direct it to the finishing 
st and. 


3.1.7 Electric Motor 

The requisite power to rotate the copper drum at a desired R.P.M. 
is provided by a DC type motor of 3-5 H.P. The motor drives a worm 
reducticwi gear box (ratio l!70> which in turn rotates the shaft 


of the drum. 



3.2 raESCRIPTION OF THE PHYSICAL PHEHOMENON 


The phenomencm occurring in the process can be explained by 

referring to Fig. 3.3. Liquid metal at a particular temperature T, 

« •* 

is held in the tundish where the liquid metal level is always kept 
constant to a height D by continuously pouring the melt from the 
top. The m&lt continuously enters the region between the rotating 
drum and the tundish wall through the nozzle at the bottom at 
temperature . As soon as the melt comes in contact with the drum 
which is at a substantially lower temperature, a skin of solid 
metal t^ is formed at the angular position /9^ . The skin continues 
to grow during the course of motion in the liquid pool. Water at 
an input temperature T^ is sprayed on to the inner surface of 
copper drum which experiences continuous cooling. The wall 
thickness of copper drum is The skin attains the final 

thickness t^ ( which is the thickness of the strip) at the angular 
position The drum rotates with an angular velocity <«>- Due to 

the continuous rotation of the drum, every point on it stays in 
the heat supply zone between {3^ and for a certain length of 
time depending on o> and for the remaining period it stays out of 
this zone during every complete revolution. Under steady state 
conditions, because of the alternate heating and continuous 
cooling of the drum, it always carries with it a cert ai n' amount of 
'recirculating heat'. The liquid pool and skin are contained in 
the gap o between the drum surface and tundish wall- At the 
solid-liquid boundary, the liquid to solid phase transformation 
reaction takes place releasing the latent heat of fusion L- 



Chapter 4 


MACROSCOPIC HEAT BALANCE MODEL 


In this chapter, a mathematical model based on the overall heat 
balance quantifying the rate of growth of solidifying front is 
developed to predict the effect of various process parameters on 
the process performance. 

The following assumptions are made for the development of the 
model s 


(1) Perfect mixing of molten metal in the pool which is at 
uni form temperature. 

(2) As soon as the liquid metal comes in contact with the copper 
drum, an initial thickness t. is formed. 

(3) There is perfect thermal contact between the solidified 
shell and copper drum and no slip occurs during motion- 

(4) The thermal conductivity of solid shell and the copper drum 
are considered independent of temperature. 

<5) The width of strip is sufficiently large to neglect the end 


effects- 



4*1 


ANGULAR RELATIONSHIP 


The following angular relationships are valid in the fitodel - 
(Figures 3-3 and 4.1 are referred to for description.) 


^2 “ 


^2 




<4. 1) 
<4-2) 


(D - Y) 

(R t.) 
d f 


_1 “Y) 

“i = 7 R:-t:) 

d T 


<4. 3) 


sin = 


-1 


r Y 


R 


<4. 4) 


Substituting equations (4.3) and (4.4) in (4.2) 


/^2 = 


r D - Y ' 

+ sin ^ 

" Y ^ 

1 t J 




(4.5) 


4.2 HEAT BALANCE AT THE MELT -SOLID INTERFACE 


The growth of solidified shell on the copper drum surface is 


established by a dynamic heat balance between the rate at which 


thermal energy is supplied and withdrawn at the metal solid 

8 

interface. 



r Ef+ective latent heat 
per unit volume 


r ate ot advancement o-f 
sol di + i cation -front 


Heat fluy. -from the' 

melt to the solid- (4.6) 

i-fi cation bDundary_ 


Rate o-f heat conduction into' 
the solidified shell from 
the solidification boundary 


9J 


OR 


- - Tp> j [R^ 


] 


= Pc 


R 


<t,.- t^) 


dt 

d/5 


(t . 

1 f 




CO z _ EH<Tp)-Hg(Tp) 3 


(4-7) 


‘'S — - = Ps — CH<Tp) - Hg<Tp)3 ; t,<t<t, 

OR d/5 


i'^'^f 


(4.8) 


for R = t and ft 


4.3 HEAT balance: CW THE LIQUID POOL 


The following are the different thermal energy terms associated 
with the heat balance in the liquid pools 

Rate of thermal energy introduced into the pool by feeding a melt 
with volumetric flow rate V and enthalpy H<Tj) = V PjH(Tj,) 

Enthalpy of the material leaving the pool through the solidified 
shell and associated entrained liquid = V pjH(Tp) 



Rate o*f heat extracted from the pool by the cooled surface 


hpp(VTp> 


^2 

2 I (R.+t> d/? 


t.< t <t- 
1 -F 


Net Heat Balance on the Pool 


Enthalpy entering 
the pool 


[ 

Hence, 


]-[ 


Enthalpy leaving 
the pool 


] = 


Heat extracted 
from pool by 
conduction / 
convection 


Pj CH<Tj>-H(Tp) 3 = hpp<Tp-Tj.) z J <R^+ t) d/3 


<4. 9) 


But, 


■lass flow rate, V = 


^d " 


t^ z pg 


(4.10) 


Also, 


'j 


(R + t) d/3 = R (/3 - /3. ) + I t d/3 ; t . <t<t , 

^ ^21 ^^1 1 -f 


'f 


(4.11) 


Assuming a mean thickness 


(t. + tj.) 

1 -f 


t = 


^7 

J 

n.J 


t d/3 = 0.5 (t^+ t^) 


(4. 12) 



Combining equations <4. 10) , <4. 1 1 ) , (4.12) with (4.9) ; 


(R_,+0.5t^)6>t,PcCH(T, )-H(T_) 3 

O T T O 1 K 


hpj_ ( Tp-Tp ) C R^+0 . 5 ( t . +t ^ ) 3 ( ) 

(4. 13) 


4.4 QUAIfri FI CATION OF LATENT HEAT AND THE MUSHY ZONE PHENt»IENON 


If an alloy is being cast, then the solidification takes place 
over a temperature range defined by the liquidus 

solidus tTg) temperatures. So the latent heat of fusion L is 
released continuous! yin this temperature interval and not at a 
particular temperature, the melting point, as is the case with 
pure metals. 

The latent heat released during the solidification of an alloy can 
be accounted for using one of the following two ways : 

(1) To assume a pseudo freezing temperature Tp which is the mean 
of Tj^ and Tg and at which all the latent heat is released 
instantaneously, thus showing a pure metal like behaviour. 

(2) To assume a pseudo freezing temperature Tp, in which a 
fraction of latent heat is released in the interval Tj^ to Tp 
and the remaining at Tp. 


In the present model, the second of the said two ways is used for 



the 


quantifying the latent heat. In the following lines, 
quantification of latent heat as temperature drop occurs from T 
to Tp. is showi I 


Latent heat released while temperature drops from to T is 


h_T 






X L 


{ T_< T <T, ) 

r* L- 


< 4 . 14 ) 


Latent heat released while temperature drops from T to Tp is 


4f = 


(T -Tp) 




X L 


( T^< T <J^ ) 


< 4 - 15 ) 


The remaining latent heat <Tp.) released instantaneously at T^. is. 








X L 


( 4 . 16 ) 


4.S COMPUTATION OF LIQUID POOL TEMPERATURE 


As already stated, steel is assumed to melt at a fixed temperature 

Tp which lies between the true liquidus and the solidus 

temperature i.e. < T_< T_ <T, )- Due to the consideration of the 

S F L 

release of latent heat of solidification, one would get two 
different expressions for the liquid pool temperature depending on 


v«ihether. 


(1) 

the 

Pool 

Temperature 

Tp >T^ and 

(2) 

the 

Pool 

Temperature 

Tp-*; Tp <7^ 


Case I. Pool Temperature Greater than Li aui clu s 


Here, during the temperature change of liquid -from to T^, 
latent heat is evolved. There-fore the enthalpy change is 
given by: 


H<T, ) - H<T„> = c , <T -T„) 
1 P pi 1 P 


(4. 


Where c^^ is the heat capacity o-f liquid. 


Substituting equation (4.17) in (4.13), 

(R^-0.5t^)«t^PgCpi(Ti-Tp) = hpp(Tp-Tp)CR^.-0.5(t.^t^)l(/32-/5j> 


or 


■'i-'^P 




hppi;R^+0.5(t. +t^) 3 


(R^HK).5t^)a>t^PgCpj 


(4. 


Rewriting this equation in a slightly dit-ferent form. 


■"l-^F 


hppER^+0- 5 <t^ +t^ ) 3 ^ 


T -T 
P F 


CR .+0.5t - ) a>t -p-c , 
d f -F^S pi 


no 


17) 


<4. 18) 


19) 


1 


<4.20) 



or 


Tp-Tp < Rjj+0 . 5t ^ ) wt ^ ^S^'p 1 


<4.21) 


Rearranging terms. 


■Tp = ■'f 


<R^HH0.5t^)cot^p^Cpj <Tj-Tp) 


hppCR^+0.5<t^ +t^ ) 3 ) + <R^+0.5t^)o>tj.p^c 


<4.22) 


i -f 


2 ' 1 




For an alloy o-f known composition, the thermophysical p’roperties 
<Cpg, Pg) and Tp are -fixed. Thus, for a given set of operating 
conditions Tj , R^ and are also fixed. Hence equation <4.22) 

has only two unknowns to and t^, i-e., 

Tp = fj<w,tp) 


Case II Pool Temperature less than Li oui dus 


Since Tp is less than Tj^, latent heat of fusion is released in the 
pool- The enthalpy change from T^ to T^ is ' 


H<Tj) - 


<Tl - T > 

= "pi <'"l-‘^P> ^ ■ '- 

<\ - Tg) 


H<Tp) 


<4.23) 



Substituting equation (4.23) in (4.13), 


(Rd-K).5t^)cot^Pg Cpj(Tj-Tp)-H 


L<Ti-Tp) 




hpp <Tp-Tp) CRd+0. 5 (t . +t^ ) 3 (/?2-/^j 1 


(4.24) 


c T 
pi 1 




(T. -T^) (T. -T^) 

L S L S 


hpp C Rd+0 . 5 < t . +t ^ ) 3 ( ) < Tp-Tp ) 


(Rd-0.5t^)a.t^Pg 


(4.25) 


c , T + 
pi 1 




c + 

pi 




hppCRd-K).5(t.+t^)3(/32-/5i) <Tp-Tp) 


(Rd+0.5t^)o>t^P5 


(4.26) 


^PF^^d-^- 5 . +t^ ) 3 ) 


(R_,+0.5t , ) cot ,p_ 
d T + S 


'^Pl 


-T_) 
L S 


hppCRd+0.5(t .+t^) 3 (^2“^j)Tp 


(Rd-H0.5t^)cot^Pg 


C 

pi 1 4- 




<4-27) 


or 


^P= 


hppCR^+0.5(t.+t^) ] + <R^+0.5t^)cot^Pg . 

(R^4.0.5t^)a>t^Pg.F^ + hppCR^+0.5(t.+t^)l</32-^j> 


(4.28) 


i<^ere F = 
c 


L T. 






(4-29) 


Again, 


Tp = 


4.6 INTEGRATI<»I OF THE HEAT BALANCE EQUATION AT THE MELT -SOLID 
INTERFACE 


Equation (4.8) 



dt OR 


can be rewritten as. 




d/3 Pg CO CH<Tj )-Hg<Tp) ] 


(4.30) 


The -flux kg ^ w hen treated in cylindrical coordinates, gives a 
dR 

series summation ( of divergent ) type o-f expression For the 
integration oF t. Since no approximation can be done For the 
series, this approach could not be used. The details oF the 
treatment is given in Appendix-1. 



Since the radius of copper drum i s very large compared to the 
drum wall thickness <t ) and the strip thickness (t), the heat 

CO ^ 

^ "I" ' " 

flux kg can be approximated to that across a composite wall of 

m 

thickness t^^ t« One face of this composite wall is the 
interface at temperature and the other face is the inner wall 
of copper drum which is sprayed with water at temperature 


Hence, 


dTT 


F W 


m 


Cu 


k- h^ 

Cu CuW 


kg(T^-.T^) 


t + 


"S^CU 


Cu 


CuW 


(4.31) 


(4.32) 


Substituting equation (4-32) in (4-30) 




t + 


dt 

dft 




^Cu *^CuW 


- hpF<Tp-Tp> 


(4.33) 


i:H(Tp) 


H_(T_> 3 

o r“ 



or 




P 3 C. CH<Tp)-Hg<Tp)3 


k t k 

9 Cu S 

^'Cu '^CuW 


^pp^'Tp-Tp) 


PgOi EH<Tp>-Hg(Tp>l 


< 4 . 34 > 


Let kg <T^-T„) 


Pga> EH<Tp)-Hg<Tp)D 






= a 

\ 1 -^5 


^S^Cu 


<4.35) 


Putting the above values in equation (4.34) 


d/? t + a. 


(aj-a^a^) _ a^t 


t + a_ 


(t + a^) dt 


< 4 . 36 ) 


( 4 . 37 ) 


E-a2t+(a j-a^a^) 3 


(4.38) 






or 




hpp(Tp-T^> 

PgW CH<Tp)-Hg<Tp)3 


( 4 . 45 ) 


In the above equation also, 



or 


t^(t^,a>> 


( 4 . 47 ) 
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4*9 SOLUTim OF TFE MODEL EQUATIOH 


Thus the governing equations o-f the model are given by equations 

4.22/4.28 and 4.45. In these 2 sets of equations, C4.22) and 

<4.45) or <4.28) and (4.45), the choice of which depends on the 

pool temperature, t^ and are the only variables. These two final 

equations of the model cannot be classified under any standard 

equations for which solution techniques are available. But it is 

known that for casting a particular strip thickness from a melt of 

known temperature under a particular cooling condition in the 

caster, there exists only one u> (R.P.M.). So the solution 

technique essentially comprises of picking this value. The 

procedure starts with a lower value of a> ( .ypically 0.1 R.P.M.) 

being chosen as the casting condition and the value of pool 

temperature T^ i s calculated for the given strip thickness, using 

the first set of equations <4.22 and 4.28). The two different pool 

temperatures correspond to whether it is above the liquidus or 

below the liquidus. Only one of them actually exists in the 

process. The exi stance of any one of this pool temperature is 

confirmed by finding out the correspondi ng functional value from 

equation 4.45 which should be equal to zero if for the strip 

thickness t^, the assumed angular velocity a> is ccx^rect. The 

functicnal value taking zero is possible only when the value of a> 

can be precisely defined by increasing the approximation of the 

decimal places to a very large value. Since this is practically 
not possible, the functional value is tested for sign change when 

an increment in co is made. If such a change occurs (from +ve to 



-ve or -ve to +ve) then it is interpreted that the actual value o-f 
R. P-H- -for the casting lies between these two values of «>’ s. The 
increment in w at this juncture is -further re-fined <reduced) and 
the -functional value for sign change is tested again between these 
two variables o-f co- The procedure is repeated -for -finding out the 
R.P.M. upto an accuracy o-f 2 decimals and the final value is taken 
to be the mean of these two R.P.Ii. ’s. 

One typical computation for estimating R.P.H. for casting 

stainless steel strip of 3mm thickness on copper drum of wall 

thickness 50mm from a melt at 1580°C is shown in table 4.1. 

Starting with a very low value of R.P.M. (0.2 R.P.M.), the liquid 

pool temperature given by equation (4.22/4.28)*, and the 
functional value given by equation 4.45 are calculated. The R.P.M. 

values are incremented successively by 0.1. It may be noted that 

for an R.P.M. value between 2.1 and 2.2 the sign change of the 

functional value occurs from positive to negative, indicating that 

the true value of R.P.M. lies between 2.1 and 2.2. For finer 

tuning of the true R.P.M., the functional value is evaluated 

between 2.1 and 2.2. in increments of 0.01, as shown in table 4.2. 

It can be seen that the sign change for functional value occurs 

between 2.120 and 2.130. The mean of these two numbers is taken as 


If the pool temperature is below the liquidus temperature, then 
equation 4.22 is used, otherwise equation 4.28 is to be used. In 
the sample calculation shown in table 4.^. and 4.2., the pool 



the true R.P.H. required to produce the strip o-f 3mm under the 
condi ti ons speci f i ed. 


4.8 RESULTS AND DISCUSSION 


The model has been tested tor casting stainless steel strips in 
the thickness range ot 3—1 0mm. Table 4.3 gives the geometric 
constants ot the process and the thermal and physical property 
values used -for simulation- Since at the time o-f carrying out this 
investigation, no actual value o-f heat transfer coefficient 
betv^een the copper drum surface and water spray of the process was 
available, the model equations have been tested over a wide range 
of values of the above coefficient. The heat transfer coefficient 
value corresponding to the heat transfer between the liquid metal 
pool and the solid— liquid interface has been estimated using the 
f ol lowing correlation^ ^ s 

h^ = (0.0156552-t^) /3.08148E-07 , where t^ is the strip 

thickness in metres and is the pool heat transfer coefficient 

in °C. 


In the toll owing paragraphs, the result and discussion o-f the 
simulation studies are given. 



EFFECT OF R.P.H. : The speed of rotation of the drum is the most 
important parameter that would be affecting the thickness of strip 
for any particular operating condition of the caster. Figure 4.2 
shows the different strip thicknesses that can be obtained by 
varying the R.P.M. of the drum of a wall thickness of 50mm, vtfien 
the melt in the tundish i s at a particular temperature of 1580°C. 
The different curves are for different cooling conditions between 
the drum surface and the water sprays. It is evident from this 
figure, that <i) for casting thinner strips, higher R.P.tl. is 
required, and <ii) even a small fluctuation in the R.P.M. would 
have much greater effect on the strip thickness while casting 
thicker strips than while casting thinner strips. Similar trends 
are observed for different cooling conditions, referring to 
different heat transfer coef f icients. Figure shows a similar 
behaviour, when the melt temperature in reservoir is 1600°C. 

The reason for increased strip thickness at lower R.P.M. is 
attributed to the larger residence time that the solidifying strip 
has in the liquid metal pool allowing it to grow thicker. Higher 
R.P.M. allows lesser residence time producing thinner strips. Thus 
there is an inverse relationship between the R.P.M. and the strip 
thickness. 

EFFECT OF COOLING CONDITIONS AT THE INNER SURFACE OF DRUM' : The 
variation in cooling conditions at the inner surface of the drum 
has a significant effect on the output of the process. Cooling 
conditions are quantitatively characterised in terms of the 



D-f heat trans-fer coe-f -f icient between the inner surface of drum 


wall and spray water, on R.P.M. for producing four different strip 
thicknesses (3,4,5 iOmm) . It can be seen that for casting a 
strip of a specified thickness, a higher R.P.fi. is required if the 
cooling conditions at the inner drum surface correspond to a 
higher heat transfer coefficient condition* The effect of the 
variation of this heat transfer coefficient is much reduced, in 
the case of thick strips (near lOmm) but is quite pronounced in 
the case of thinner strips* Higher heat transfer coefficient 
permits the passage of high heat flux producing faster growth of 
sol idi f icati on front, and thus requiring lesser residence time to 
produce the same strip thickness- Under low heat transfer 
coefficient condition, the variation in R-P-M- required for 
producing strips of different thicknesses is narrowed down, 
calling for a precise control on the speed of rotation of the 
drum. 

EFFECT OF COPPER DRUM WALL THICKNESS : The wall thickness of the 
copper drum is expected to have a significant effect on the rate 
of heat withdrawal from the cooling strip. It is, therefore, 
likely to have an effect on the final strip thickness at a 
particular set of operating condition in terms of R.P.M. and heat 
transfer coefficient between the inner wall of drum and spray 
water. Figure 4.§ shows the effect of three different wall 
thicknesses, namely, 10,25 and 50mm for strips of two different 
thicknesses namely 3 and 4mm strips from^ a melt at 1580^C- Figure 
4.6 is a similar diagram but for casting strips of 5 and lOmm 
thickness. It is evident from these figures that for casting any 



strip thickness, a lower drum wall thickness allows higher R.P,M. 
and thus increased casting rate. This could be due to two reasons 
: (i) a lower drum wall thickness would introduce less thermal 
resistance in the path oHF heat extraction and allows higher heat 
■flux and (ii) a drum o-f lower wall thickness is likely to carry 
less recirculating heat bringing about faster cooling rate in the 
solidi-fying strip. These two -factors would give -faster growth o-f 
sol idi -f i cat i on -front requiring lesser residence time -for producing 
a strip o-f particular thickness. But the limitation in selecting 
the correct drum wall thickness possibly lies in the correct 
cooling rate required in the casting. If the latter is too high, 
which arises if the wall thickness is less (and R.P.M. is high), 
the model still predicts the possibilty of casting different strip 
thicknesses but the amorphous structure that may result due to 
rapid quenching may not be of acceptable quality. Bo to select the 
correct drum wall thickness for a caster, these factors will have 
to be considered. Further, too thin a drum may undergo distortions 
due to steep thermal gradients. 

EFFECT OF MELT SUPERHEAT : The temperature of molten metal in the 
reservoir (tundish) is indicative of the heat content of the melt. 
Therefore, for liquid metal with different superheats, the R.P-M-s 
required to produce the same strip thickness are also likely to be 
different. This is clearly seen in Figs. 4.f, A.g tc which 
correspond to casting three different strip thicknesses namely 3, 
4, and 5m» respectively from four different steel temperatures 
(1580, 1590, 1600, 1610°C> . At low heat transfer coefficient, the 



-From melts o-f di-f-ferent superheats is negligible, while -for the 
high values o-f heat transfer coe-f -f i ci ent , the R.P.M. is to be 
somewhat reduced for melts with higher superheats. This variation 
is due to the difference in the heat content of the melt 
maintained at different temperatures. 

EFFECT OF METAL HEAD IN THE RESERVOIR : When the height to which 
the melt is filled in reservoir is varied, it essentially varies 
the distance of angular separation between fi^ and on the pool 
side. Figure 4.10 shows the effect of angular separation on the 
R.P.M. for casting 3rom strips from a melt of 15aO°C. Curves 1, 2, 
3 and 4 are for 20°, 25°, 30° and 35° of angular separation 
respectively. It can be seen that at any particular cooling 
condition, an increased angular separation <i.B. , higher height of 
melt fill) allows the use of higher R.P.M. and thus higher casting 
rate. This could be because of the increase in contact area 
brought about by the increased angular distance of separation 
which allows higher heat extraction rate thus requirihg lesser 
residence time for the growth of solidification front to any 
particular strip thickness. 

EFFE CT ON POOL TEMPERATURE UNDER DIFFERENT COOLING CONDITIONS : 
The liquid pool temperature that prevails in the caster during the 
casting operation depends on the strip thickness being cast, 
R.P.M., cooling conditions etc. The variation in pool temperature 
that occurs while casting different strip thicknesses from a melt 
at 1600°C is shown in figure 4.11. The general observed trend is 



that while casting thin strips, the pool temperature is high and 
■for thick strips it is low. The de-viation from this observation is 
while casting very thick strips. Here the pool temperature is 
slightly higher than it is to a strip thinner to it. A possible 
explanation tor this behaviour can be tound it the R.P.M. which 
accompanies such a casting operation is taken into account. While 
casting thin strips, the R.P.M. required is high (which 
tacilitates good mixing ot liquid in pool) and residence time is 
low. This causes high pool temperature to prevail. While casting 
high strip thickness, the R.P.M. is low and hence more residence 
time. This brings down the pool temperature- But while casting 
very thick strips, the R.P.M. required is extremely low (less than 
1 R.P.M.) and hence high residence time in heat supply zone. Due 
to the lengthy time -for which the drum -stays in liquid, an 
increased di-f-fusive heat trans-fer -from the liquid in nozzle is 
possible. 


LI MI TATI CW OF THE MODEL 

One o-f the main limitations o-f this model is that complete 
in-formation like the temperatures prevailing along the outer and 
inner sur-face of the copper drum and the effect of recirculating 
heat within the drum cannot be predicted. Also, the generaticwi of 
the data few the heat transfer coefficient between the liquid pool 
and the solid- liquid interface is rather difficult. To overcome 



these problems, a second mathematical model has been developed 
which is presented in chapter 5. 



Chapter 5 

MICROSCOPIC HEAT BALANCE BASED ON SYSTEM ENTHALPY 


In this chapter, a mathematical model based on the net energy 
balance in the liquid and solid regions involving analysis at 
microscopic level and the accounting ^or recirculating heat on 
copper drum has been developed. The model can give use-ful 
in-formation regarding the temperature distribution on the strip at 
the point o-f its attaining -final thickness, as well as the 
temperatures prevailing on the outer and the inner sur-faces o-f the 
copper drum. 

Following are the assumptions made for the development o-f this 
model : 

(1) At angular position where the liquid metal strikes the 

drum, an initial thickness t^ forms and it grows to final 
thickness t, of strip at. /?_ during the course of motion from 

T jd 

to 

(2) The growth of solid skin between p^ and p^ is linear and 

takes place in a stepwise manner. For quantification, the 

skin between p^ and p^ is divided into '’n' number of 
cylindrical elements, depending on the value of and 

{p -p.) . The liquid solid interface passes through the 

centre of the upper edge of cylindrical elements which is 
exposed to the liquid pool. 

<3) Due to the high thermal conductivity of copper and the 



relatively thick strips that are being cast (the low R-P.M. 


that makes such a casting possible), a steady state heat 
flow from 1 i qi.ii d— sol i d interface to to copper drum to spray 
water is established as soon as the drum enters the heat 
supply zone at 

(4) Constant thermal conductivity values are assumed for Cu drum 
and solid skin and the values taken are at certain constant 
temperatures which represent some kind of average of 
temperatures prevailing in the process, 

(5) A definite freezing temperature exists for the liquid being 
cast. For an alloy like steel this constant freezing 
temperature is defined in terms of the liquidus and solidus 
temperatures. 

(6) There is perfect thermal contact between the solid skin and 
the copper drum and there is no air film between the two. 
If, however, the precise value of air film thickness and 
its thermal conductivity are known, this assumption, can in 
fact be be relaxed by incorporating an additional thermal 
resistance term corresponding to heat transfer through this 
air film. 

(7) For the range of liquid temperature in the reservoir which 
is possible through different superheats of the melt, the 
initial thickness of skin t^ at , remains constant - 

(8) The temperature of liquid— solid interface of skin is Tp, 
which is the freezing temperature. 

(9) There is no tempertature variation in z direction. 



5. 1 


DIFFERENT MODES OF HEAT TRANSFER INTO AND OUT OF THE SYSTEM 


The system being analalysed -for heat balance has the boundary 
ABCDEFGA. This is shown in -figure 5.1. Following are the di-f-ferent 
iModes o-f heat trans-fer : 

(1) The liquid arriving through the nozzle passage has 

temperature T^ and at enthalpy H<T^) which is -found -from 

thermodynamics : H<T, )=c ,.T, 

1 pi 1 

(2) Heat extraction in the radial direction within skin and Cu 
drum is through conduction. 

(3) Due to the motion o-f skin and Cu drum bulk heat transfer 
takes place in them in angular direction. 

(4) Heat loss due to radiation occurs -from the skin sur-f ace 
which is exposed to atmosphere. 


5.2 MACROSCOPIC HEAT ENERGY BALANCE 


The general heat energy balance equation can be written in words 
as ! 


fHeat Energy! 

p-leat Energy! 

pHeat Energy! 

pleat Energy! 

L in 

|_ generated J 

out J 

L consumed J 


r eat Energy 
accumul atd 




Since the process is in steady state in the present case the above 


reduces to. 


r Heat Energy 1 

4. 

r Heat Energy 


r Heat Energy 1 

L J 


L generated 


1^ out J 

I 


II 


III 


5* 1 Hejil Energy In 


(1) From incoming liquid 

t 

Q, . = t * 

1 1 q t 


CO 2: pg H<T^ ) 


(5.3) 


(2) From copper drum 

t 


Cum Cu 


Cu 


to z p^.Cc - (T^ . )3.T_ . ..(5.4) 

pCu Cum Cum 


In the absence o-f T_ , data. . is expressed as a percentage 

Cum ’ Cum r' ^ 

ot outgoing bulk heat copper drum at 


S. 2. 2 Heat Ermrgy Generated 


The heat generated is due to the liquid — > solid transformation 

t. 


R 


CO z pg L 


(5.5) 



S. 2. 3 Heat Energy out of the System 


Heat energy going out -from the system are s 


(1 ) 

Conduct! on 

(2) 

Bulk -flow 

(3) 

Radi at! on 


5. 2. 3-1 Conduction 

This is the heat being carried out by conduction through the solid 
skin <t, t^< t <t^ ) and copper drum wall thickness One end 
of the solid skin is the liquid— solid interface which is at 
temperature Tp, and the other end is in contact with copper drum. 
The inner surface of copper drum is sprayed from water at 
temperature T^^. The resistance to heat flow between the solid skin 
/ liquid metal interface and the inner surface of the copper drum 
/ water interface is basically dependent, besides other things 
(fluid flow conditions at the two interfaces), on the thickness o-f 
the solid skin and the copper drum wall thickness. The linear 
stepwise growth of solid skin t^ from to t^ at p^ takes place 
in 'n’ number of steps as shown in Fig. 5.2. In the .following 
paragraph, the procedure to quantify these individual skin 
thiknessess at each position of i s described : 


The linear growth of skin can be given by. 



v.^{. 


t = m’j9 

+c ; 

( t.<t<t, 

1 -f 

), ( p^<p<p^ 

At p=p^. 

t=t . 

1 

ther e-fore. 

t . =m’ p. -»-c 

At p=p^. 


ther e-fore. 
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==> m 
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<p^-p^'> 



and 









Substituting equations (5.9) and (5.10) in (5.6), 


t = t 


t.-t . 
-f 1 






(5.11) 


Angle subtended by every cylindrical element at the 
copper druro = radians 
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i • e • 9 Aft 
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Thickness of the 1st cylindrical element : 
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< 5 . 8 ) 

( 5 , 9 ) 

( 5 - 10 ) 


centre o-f 

< 5 . 12 ) 

( 5 . 13 ) 

(5. 14) 


Thickness o-f the 2nd element. 



Net conductive heat leaving the system Q 
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(5.22) 


Since t,, t^, t 3 .re function. j, „j j , 


SO 


be a -function of t . t , 

X f 


5. 2. 3. 2 Bulk Heat Carried By the Stri 


P at /?, 


Due to the continuous rotation of the - r .... 

'-'•e strip away from the system, 

the solid strip carries with it some Amri..ri 4 - ». x. 

r- uiiie amount of heat through bulk 

motion. For quantification of this bull- i-.ri.-,+ *.». .. • x.».- i 

=> DuiK heat, the strip thickness 

(t.) at (3-, is divided into 'j’ niifni-i-.r. r .. 

f 2’ number of composite per -feet 

thermal contact layers, as shown in finii.-e. «=: 


Thickness of each layer 


(5.23) 


Tgj , "^ 22 * '^S3"*"*'^Sj the ’temperatures 

centre of the composite layers 1, 2, z, 
assumed that the temperature within 


which exist 
, respectively. 


at 

It 


the 

is 


a particular layer. 


under 



S'S 

consi derat. ion is the same throughout, i«e., there is no 
temperature gradient within a layer • Considering the heat balance 
at the plane passing through the centre of the 1st composite 
1 ayer : 

Heat Transfer by Conduction, 

r at entering the! Hfeat going out of the! 
layer from I = 1 layer through I 

Conduction J [ Conduction J 



( 5 . 24 ) 


Rearranging the terms. 




5a 


Heat Trans-fer in 1st composite layer by bulk -flow : 


Bulk heat carried by 
Ist composite layer 
o-f solid , Qgj 




(5.26) 


Siinilau" heat balance equations can be written -far other strip 
layers, -for the 2 nd composite layer of strip. 



Similar expressions -for T__. T_ D_ T_ . ,Q_ . can be 

S3 S3 S4 S4 Sj Sj 

written. It is to be noted that T , T 5 T , and » 

...... Q_ , are -functions o-f -final strip thickness t.. 

S2 Sj -r ' 




5. 2. 3. 3 


Bulk Heat Carried by Copner Drum at /?, 


The Copper drum leaving the system boundary carries with it some 
amount oT heat due to bulk motion. To quantify the same, the Cu 
drum is divided at into ’m’ number of composite perfect thermal 

contact layers- 


Thickness o-f each layer 



( 5 . 30 ) 


Figure 5.4 is referred to for the explanation of the following- 

^Cul’ ^Cu2’ ^Cu3 ^Cum temperatures which exist at the 

centre of each the composite layers 1,2,3, m, respectively in 

the copper drum at assumed that this temperature exists 

In that entire layer. 


Applying heat balance at the centre ot the 1st composite layer. 
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< 5 . 32 > 


Bulk heat carried by 
1st composite layer 
3-f Copper drum, 



Similar heat balance equations can also be written tor the other 
::offiposite layers ot the copper drum. 


”or example, tor 2nd layer. 



( 5 . 34 ) 
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The expressions for T^^ 3 , ^Cum’°Cu. 


written in a similar way. Here again j, 

°Cul’°Cu2”'’°Cum -function of t only. 


. T« and 
Cum 


The net bulk heat carried by the Cu drum, Q 


Cu Cul Cu2 Cu3 


(5-3^) 


5* S. 4 Heat Loss From The Liquid Metal Surface Due To Radiation 


Heat 1 o«» due to radiation is given by, 

Q ^ » <6-t^ ) .z.o'.4C, . CT^ . -T^ 3 
rad f 1 rad a 


(5.37) 


where 6 is the gap between tundish and drum, is the mean o-f 
temperatures and Tj_, the ambient temperature, <7 is 
Stef an-Bol tzmann' 5 constant and is the emissivity of liquid. 


Net Heat Energy out of the system boundary. 


Qd + ^c-tQ/-, + Q 


S’ 



FINAL GOVERMING EQUATION 


5 * 3 
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Rearrafigi ng. 
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S. 4 TEMPERATIIRE ALONG THE SURFACES OF 

The temperature that exists along the outer and inner surfaces of 
the drum is d ep €?nden t on the Ci) ^^Qular positi on Cxi) st r i p 



thickness being cast (iii) cooling conditions (heat transfer 
coefficient and (iv) the thickness of drum. The procedure to 
find out these temperatures is e;;plained below : 


Applying the heat flux balance in the 1st element at the outer 
surface of the drum due to conduction. 
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Here s the drum outer sur-face temperature correspondi ng to 

the 1st element. 


Simplifying the above equation. 
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Rearranging the ter ins 



Sifnilarly the temper at ure along the outer s-urface of the drum in 

the 2nd^ 3rd, ,nt,h element can be calculated by replacing t:^ 

1 n egy at i on ( h • 43 ) with t ^ , t.^ t respect i vel y • 


The* t^xprnssion for tc?mp€»rature along the inner drum wall surface 
IS sx mi 1 ar 1 y derived as in the txbove case by applying conducive 
heat flux balance at the inner drum wall surface. The temperature 
along the inner surface at the 1st element . . can be shown to be 

equal to 



The temperature along the other inner surface points corresponding 

to 2nd, 3rd, nth element can be found ry replacing t^ in the 

above expression -for t^, t^, ,t respectively. 



Block diaciraiR for Computer implementation Microscopic Model 













5 * 3 


RESULTS AMD DISCXJSSIOH 


The? operating parameters, thermal and physical constants used -for* 
the siimilation ot the caster using this model are the same as the 
ones used in the earlier model. In this section, the results o-f 
the simulation study along with the discussion are presented- 

TEMPER ATURH ALONG THE SURFACES OF THE DRUM • The temperature 

that exists along the inner and outer surfaces o-f the drum wall 

are different during any operating condition. Figure 5.5 shows the 

t:c?mpef'ature that exists along the outer and inner surfaces of the 

drum wbilr* casting jitrips o-f 3, 5 and lOmm from a melt o-f 1580°C- 

rigure S. & is a similar plot for the temperture that exists while 

castirg 3mm strip under three different cooling conditions and 

Fig. 5.7 is for casting 3mm strips on three different drum wall 

thicknesses. The temperature on the drum surfaces (inner as well 

as outer) continuously decreases during the course of motion from 

/3. to /3_- This is primarily due to the difference in thickness of 
lx 

the solid skin which separates the surface of drum from the liquid 
pool. At /?j , the solid skin formation begins, hence only a thin 
layer of solidified layer is present, while at ( 3 ^ the solid shell 
IS fully grown. Soi 1 d metal shell being a poorer conductor of 
heat, gives rise to higher temperature gt as compared to that 
at 

X 

TEMPERATURE ALONG THE CROSS SECTION OF STRIP AND DRUM WALL AT EXIT 
s The temperature that exists along the cross section of the strip 
and drum wall at the exit of the system boundary can be used as a 



p ci4 t f'tp csmount o4 bulk heat leavirsg the- system*. The model 


precfirts the tr-mpc/f ature profiles at these cress sections at at 
various operating conditions. Figure 5.e shows the temperature 
profile during the casting of strips of 3, 5 and lOmm from a melt 

of 1 fj OO C. Figure 5.9 is a similar plot -for casting 3n)in strip 
under three di-f-ferent cooling conditions, and Fig. 5.10 is for 
casting 3(nm strips on three di-f-ferent drum wall thicknesses. It is 
evident from these figures that the thermal gradients within the 
strip *'ind the drum wall, respectively are quite different- In all 
these three figures, the curves have two distinct regions. The one 
With steeper slope and closer to the solid-liquid inter -face 
represens the temperature profile in the solidified metal strip at 
the e:; i t point where as the one with lesser slope and farther 

away from the liquid-solid interface represents the temperature 
distribution in the cross section of the drum wall at The 

reason for this behaviour is attributed to the difference in 
thermal conductivities of the two materials namely the steel 
strip and the copper drum. Copper has high thermal conductivity- 
while stainless steel has very low value (24 times less than the 
former) . 

EFFECT OF STRIP THICKNESSES ON TEMPERATURE PROFILES IN DRUM : 
The amount of heat going out of the system through conduction and 
bulk flow is different while casting strips of different 
thicknesses- Referring to Fig- 5.5, it can be seen that while 
casting thin strips, the temperatuire drop on the surfaces of drum 

from /? to /?_ is not substantially high while for thicker strips, 

* I 2 

the variation in temperature is large and continuously goes down 



tnwardi. Thr* roa^son here is again the difference in -^kin layer 
thickness during the growth between ft, and ft^ for different strip 
t hi r knc’sses. For thin strips the thermal resistance between the 
surface of the drum and the liquid pool is less, and hence higher 
temperature along the surfaces of the drum is observed, while in 
the case of thicker strips, because of increased thermal 
resistance, low temperature profiles are seen. Referring to Fig 
5-S for cross sectional tempertature profiles on the drum as well 
as the strip at the exit point, again it is to be noted that the 
thermal gradients are going to be different for strips of 
difff?rpnt thicknesses. The temperature drop between the outer and 
the inner surfaces of the drum is higher for thin strips and it is 
lower lor thick strips- From these observations it may be 
concluded that the cooling rate accompanying thin strip formation 
is higher than that for thicker strip. 

EFFECT OF COOLING CONDITION ON TEMPERATURE PROFILES s The 
temperature that exists along the surfaces of the drum and along 
the crons section of the strip and drum wall for a particular set 
of casting parameters is dependent on the value of heat transfer 
coefficient, h . Referring to Fig. 5-6, it can be observed that 

%«.# %'iw 

higher heat transfer coefficient values bring down the the 
temperatures on the two surfaces of the drum. An increase of 5000 
W/m^.°C in heat transfer coefficient value reduces the outer 
surface temperature of drum by about 40°C and inner surface 
temperature by 80-100°C. The effect on cross sectional temperature 
is similar- A higher heat transfer coefficient introduces steep; 
temperature drop in solidified metal strip as well as the copper 



drum. An important observation that can be made from Fig- 5. 8 and 
o - ? 1 ‘ j 1 1 1 a 1. in t_ a ISC' of thin strips^ at the st rip — drcim wall, 
boundary, ttie thermal gradient is almost vertical indicating the 
pri’cetK •• of a c:orit«SLt thermal resistance. So while casting thin 
strips it is possible that surface adhesion dynamics of the strip 
to the drum is important. 

EFFECT OF DRUM WALL THICKNESS ON TEMPERATURE : The thickness of 

drum wall hai, a direct effect on the conductive heat transfer- 
Hence it is expected to affect the temperature both within the 
drum and the cast strip. This may be seen in Figs. 5.7 and 5-10 
which represents the temperature profiles in the drum surfaces and 
tfa.* mi'tal '.trip, respectively for drums of three different wall 
thicknesses. The difference in temperatures between the outer and 
inner drum surface is 1 a'-ger for thicker walls. The outer surface 
temperature of the drum wall comes down by more than 100°C when 
the wall thickness is reduced by 15 or 25mm. This indicates the 
better penetration of the cooling effect from spray water in case 
of thin walls than from thick walls. Another observation is the 
intreasitu} inner wall temperature with decreasing wall thickness- 
This IS imporatant since the heat transfer charactersti cs between 
the spray water and drum wall would be substantially affected by 
t h i s . 

The temperature profile fit the cross-section of the c.st strip at 

the exit point (fig. S- 101 shows a high thermal gradient in the 

casting. It also exihibits an increasing contact resistance at the 
drum-casting interface with increasing drum wall thickness. 



EFFFCT or recirculating HEAT ON THE CASTING RATE : 


As already 


r i lu’ri i r. chaptcr-3, the copper druiTi, when it enters the heat 
ouppl y zone i •_> at a fairly high temperature (much above the room 
temp! r r.turo) . Thus at the entry point, the drum alredy has within 
it a certain heat content which we refer to as the ’recirculating 
heat*. The quantity of this rcci rcul at i ng heat within the drum 
wal’ of the ranter is litely to substantially affect the the 
niitput of the raster. This heat may also give some idea of the 
thermal shod the drum esjpenonces in each revolution. Since the 
ev:pen mental data about the temperature thc»t would exist in the 
drum just before it enters the- ticaL supply zone is not known and 
whjrh If. 1 'ssi‘r.t I a1 f o- c :,t . mat i i.g ihu arf.ount of reci rcul at ing 
heat, it war. deriderl to pr enirt ttm effect on the other casting 
r nfifl 1 t 1 rinr. I iir Vtir iciii*'". '^'alur’r; uf i r r iil at: i rjg hCc-’it - The amount: of 

ri?ri rrtil ati nq heat is dependent on the strip thickness being cast. 
The stance o4 hiqh values of recirculating heat in the drum 
v*#nuld neresnitate increased cnolinq rates for casting a particular 
f 1 1 1'> t r , hr^raiise the amount of heat that is to be 

extract eel from unit mass of liquid at a known temperature for 
a particul*.ir strip thickness is constant. One way to 
arhi #"C? this is to alter the speed of rotation of the drum which 
ossc-ntially controls the cooling rate by varying the residence 
time. Figure S. 1 1 shows the effect of variation in the 
recircul ating heat (for casting a particular strip thickness) on 
the change in R.P.M. that must correspondingly accompany to keep 
the cooling rate constant. The plots are shown for casting strips 



nf thrr‘P thic , nami^rv »=•«.« ya. t. a. 

• nciffiL,iy and It can be seen that 

Hhilr rastinq anv ^.trip thickness, a decrease in the amount ot 

renrrulat irui heat is assosciated with a higher R.P.M. This effect 

IS -aib-t ant i ally prcinounced in case of thinner strips in which an 

lippr r.) 'j 1 ma t ol V inverse c>‘;:ponent i al variation exists between the 

sp€?ed of rotation and the 7. rec i rcul at i ng heat. The R.P.H. 

becomes increasingly asymptotic below a certain minimum level of TL 

rec i r cu I at, 1 ng heat for thinner strips. Thus for casting strip of 

a particular thickness, by decreasing the % of recircul ating heat 

through enhanced cooling of the drum, it is possible to operate 

thc^ rast«?r at higher casting speeds yielding higher productrion 

rate. 


LIMITATICWS OF THE MODEL 

This model which is based on tully developed steady state , one 
dimensional h€?at flow from the inner surface of the solid skin to 
spray water through the wail of drum suggests somewhat higher 
temperature?; or; th(* two ?:;urfaces of the copper drum as compared to 
tt.ose quntcMl in I i t or at ur for the similar process. The main 

rea?:ain for this di sc’:rf?pency se€*ms to be the invalidity of some of 
the assumptic^ns mad© in our formulation. For instance, it is 
apparent that the process is atleast a two dimensional * process and 
hence any mathematical model based on one dimensional heat flow 
would give only approximate results. Further, the assumption of 
steady state is only approximate. More realistic results would foe 
expected if the model is formulated in terms of unsteady state 



enrrgy b.-Jlantp I'qiiation. 



Chapter 6 

CONCLUSION 


Thp r» c one: 1 uni ari!:> 
c i asn 1 I i €?-d as : 

Cl) rel at ed to 

(2) ri^lated to 


6.1 COIdLUSIOl^ RELATED TO PROCESS OPERATION 

1. For the casting of any strip thickness, the speed of 

rotation of the drum is extremely important. By controlling 
the speed of rotation, the residence time for any element of 
the copper drum surface in heat supply zone between ' and 

can be controlled. 

2. The amount of solid «ikin thickness from the initial value at 
(), to the final strip thickness at /?_ for any particular 
heat extraction and melt temperature is governed by the 
speed of rotation of the drum. Higher the speed, lesser 
would the time available for the growth of strip giving rise 
to thinner strips. 

3- While producing thicker strips, a more precise control on 

speed of rotation < which is low R.P.M.) of the drum is 
required. Any fluctuation in it can cause non-uniformity in 


that result from this investigation can be 

Process Operation 
Process Design 


strip thickness. 



Tho r,Mpprhf>at arrompanying the melt has to match with the 
r.p.m. ai the- drum for producing any particular strip 
thi cknosu. In general, lesser the superheat, higher would be 
the r.p.m. that can be used tor any strip thickness and thus 
an inverse relation between the two. At low heat transfer 
me-fticient values 1000-3000W/in^. °C) , the variation 
in r.p.m, is not substantial. Hence the casting rate remains 
more or less the value -for different superheats. 

In any particular process setup, the heat transfer 
coefficient value between the drum surface and spray water 
cannot be much varied. But if certain relationship exists 
between the Reynolds number of spray water and the heat 
transfer coefficient, then it can be varied by exercising 
control over the former. Use of a higher heat transfer 
coefficient mak'es it possible to allow for higher speeds for 
casting strip of any particular thickness. 

By controlling the cooling conditions inside the drum 
through the regulation of water spray, it is possible to 
control the recirculating heat. Lesser the recirculating 
fieai, higher would be the R.P-li, that can be adjusted for 
producing the same strip thickness. This control is arising 
from the fact that such a situation is likely to form higher 
initial thickness requiring less further growth. The 
limitation in choosing the right combination of 
reci rcul at i ng heat and the R.P.M. is the microstructure 
required in the strip. The latter should not deviate towards 
the amorphous structure which does not cater to the end use. 
The height of liquid pool which corresponds to the height to 



wh)rh mPU 1.. f^nrd in reservoir, controls the angular 
neparatinn between and For any particular tundi sh 

qeometry, the height ot melt till has to be kept constant 
which would otherwise produce non uni f ormi ty in strip the 
thi rknr‘ss. By usinq di-fferent constant heights ot melt -fill 
and the correspondingly matching r.p.m., it is possible to 
produce the same strip thickness. 


CONCLIKJIONS RELATED TO PROCESS DESIGN 

The lini-ar rii-vtance separation between and can be 

incri*a***»d liy taking drum of bigger diameter which would give 
rise to more contact area through which heat can be 
extracted reguiring less residence' time -for producing the 
same strip thickness and correspondi ngl y higher r.p.m. The 
casting rate can be substantially increased by this. 

By lowering the reci rcul at i ng heat it would be possible to 
operate the procciss at higher r.p.m. This can be achived by 
lietter cooling conditions made possible through 
incorporating more number of spray no 22 les to sweep the 
entire inner surface. The limiting condition -for choosing 
the right cooling condition are : 

(il the prevention o-f melt choking at if the' value of 

6, the gap between tundi sh and drum is less. 

(ii) the cooling rate to be maintained in the process to 
cast the required microstructure. 

the property of the substrate material to withstand 


< i 1 i > 



the rcpcateri thermal shock ex per i c need in the 

f '^r nr i?'.:. . 

Thi* t I't 1 n ol drum wall is important because using 

thinni>r walls, bettor penetration ot cooling e-f-fect from 
water !■ 1 in: ran be obtained. But thinner walls are likely to 
tarry 1 es*:' r f?c i rcul at i ng heat causing more iiiitial thickness 
o4 slan at , producing amorphous structure. The cooling 

rate oi skin is less tor higher wall thickness and more for 

By controlling the spray condition, the 
cnoltfai rate ran he controlled and the structure related 

problem overxome. So a proper combination of the above 

f at. t nr n ti a vi ^ t o be c: ons i der ed . 



Chapter 7 

SUGGESTIONS FOR FUTURE WORK 


Tl... pre.,er*t.Kl in thi^i investigation are able to predict the 

nature of variation that occurs between the parameters ot the 

L or 1 1 1 f lUQiii* tciotinq process when one o-f thf?m is altered. It can 
also qualitatively predict 'Che effect on the output of the caster 
whir-n come desicin a If- orations are carried out in it- In this 
chapt,. i.,*r , litHjcjont 1 are given for extending these models to 

cihtt'uri afti 1 t :i C'lrui 1 cfotaili" and hotter accuracv' about the casting 
»a|,>r‘r i c:»r i fr om tt?T:' iJOr" epor t i vd of the nporatlng parameters- 


7 . 1 N ACRa ;coi^ I c model 

1) The effect of using different roll materials on the output of 

the process can be studied by using the corresponding thermal 

d a t a n f t h r* mat, or i a 1 . 

?) Tor casting strips of different metals and alloys, the 

operating paramotors of the caster will be different- These 

^alui-s can be evaluated for the casting of steels of different 
romposa 1 1 ons, al umi ni urn, copper ,, tin and other metal s and 

al 1 oys- 

3) One ar e«i which has not been attempted in this model is the 

rasting of very tliin strips say of 0.5miTi and ProiTi the 

1 

available gual itativo relationship, the R-P-M. required for 



thp r.v.tncj ,.ppf,.rr, tn bp quite high which means that the 
' ' * ‘ ^ 1 (III • f rjt the growth of Gol i di f i cat i on -front is less. 

. i ( t r,d* y, , 11 . tihucr .'’at i on was made in the microscopic model 
ahf.u* th,f anrr of including surface adhesion dynamics 

for .ui r. thici nesses. Therefore the increase in the 

i .n.hf , at i.r i of t ho drum during its motion in the heat supply 
.tifio fii.i, otjt he substantial and assuming an average 
t e/iif, f ‘r .it t r f -r the drum should give fairly good results. 
Urn M < . t(' r Dupl f thr^ lower surface of solid skin and the drum 

f n' thr- heat flu;;, a surface adhesion heat transfer 

* • ff i ii •.* » te hi i or 1 udod in this equation written between 

•tiC' laqi.!!; .olid interface temper alure Tj_ and the average 
*i mpr ' .* I t id j .ipper ir urn T^ . r;;tcnding the one dimensional 

he.it <1 •; I gti.'d jc'fi rigtit uptri “pra/ water may not be valid 

iru'i- 'di.id, .tat I- fully developed heat flow may be unlikely 
jn VI rw of thi .cry shart residence time- From the modified 
flu : f'quati t r., siinilation of the casting operation for thin 
■t«'ip th i r 1 nr '.rr. can fee carried out. 

7.d MlCk’OlXOklC MODEL 

1) F'y using the unsteady state energy equation for the drum and 
the path of a particular cylindrical element of the drum 
traced during the course of motion for any R.P.M., a more 
realistic formulation of the model is possible., This is 
illustrated in Fig. 7.1., and explained below 



r rn‘r tjy I qu.it i fir» : 
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For any va!ui« of ui < R.P.M.), the residence time oF the drum 
cylindrical elt.'ment is defined in each of the ’n’ number of 
s t ep r. . 


1 . e. 


AT- 


AO 


sec onds 


n <7. 2) 

Wtion the drum enters the heat supply zone to the 1st element 

1 . At ) , ttu? following are the boundary conditions s 
At r O, 

At 0< T I . At , r “ R 


Cu Luin 


R.--t_ \ r :r. 
a Cu d 


(7. 3) 


k_ Cu 

5r“ 




<7. 4) 


In 




"d"*Cd’ 


1 ^r- 

9r 


(R .-t_ )A/? h_ ,, (T_ -T,,) (7.5) 

d Cu ^ CuW Cu W 


From this the temperature at the end of l.Ax seconds across 
ttir wall thxckni.'ss of the drum can be calculated using 
thrfiuitu di f f nr ence tchnique. Next between I . At and 2 . At 
secs-, the drum element corresponds to the 2nd step position 
in which the drum is in contact with the solid skin of 
thickness t.,. In this step the boundry conditions are s 


at T 


1 . <^1 T < 


T 's of the previous calculations, 


and at r 


Cu Cu 

'*^Cu^ k„ ^^Cu 
^ dr 


R^. A/?. kgCTp. 


(7.6) 


In 




R 



equation <7. 5) is valid. 


From thjn the trmporature at the end o-f 2. At secs, across the 
thickr.nnn n-f drum nail can be tound using again the finite 
rhtforur.rn technique. The procedure is repeated upto the 
ponitior. and the temperature as well as the conductive heat 
jn each element evaluated. At the temperature along the 

thickness of strip in the 'j' no. of layers is to be 
calculated for quantifying the bulk heat. 


Firial Hi*. it 

for r.sr.tirnj any stri{» thickness from a castor of particular 
qiooH'try, at a definite cooling rate from a melt of known 
t etnpi-r .It ur e, thc're exists only one paticular R.P.M. 
Ttierefore to arrive at this R.P.M. for a particular strip 
ttn ckness. the procedure to map the drum and strip temperture 
IS to be started from the lower value of R.P.M. (say 0.1 
R.P.M.) and the final enthalpy balance between the the liquid 
metal .irrivinq into the system and the heat going out of the 
i to he tested. If this test is satisfied, then the 
R.P.M, .md the t rmperaturen are the actual values existing at 
th.it fondition. If the test fails, then the R.P.M- is to be 
1 nc r »,■<«»• nt i.,*d by a ‘im.il 1 value and the test repeated again, 
li'.. ing thi'i tectmique a sufficiently good description of the 
casting processbased entirely on energy and mass balance is 
possi bl «?- 
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Fig. 2.1 


Manutacturer/ , _ , . , , ^ 

operator technical data 


Product 


SMS 

Buscfihutten 

Thickn.: 40-60 mm 
Wtdth: 1600 mm 
Vo : 6 m/min 

750,000 t/a 

Thin slab 

Usual hot strip 
grades 

SMS/Nucor Corp. 
Cfavdordsviile 
( ft 1989) 

MOH/MRW 

Huckingen 

Thickn.: 40-70 mm 
Width: 1600 mm 

Vq : 6m/min 

Thin slab 

Usual hot strip 
grades 

I 

Oanieli 

Udine 

Thi.:28 50 mm 

Wi. : 1600-1750 mm 
: 6 m/min 

Thin slab 

Strip 

Oaniefi 

Feng Lung Stee! 
Factory 

Taiwan 

Thickness: 75 mm 

Width: 1220 mm 

Thin slab 

M,OH/Bosch* 
connardsnutte 
Siege n 

Thickn. : 40-120 mm 
Width: 450mm 

Vo : 4 m/min 

100,000 t/a 

Thin slab 

All steel grades 

Sr itish Steel Corp. 
Teessise Labs 

Thickness: 75 mm 
Width: 500 mm 

Vo 10-20 m/min 

Thin slab 

Plain carbon steel 


Stationary Mould Caster* 


Jf. '' 







ThicKness: SO - 80 mm 
NiOPon Sieei Corp w.cih ■ 600 mm 


fra^feiiing Dtfi mouics nonzoniaf 


KCC Kawasaki Honzonjai Continuous Caster 


2 traviffling ben mouiss,, mcimed I 


Kawasaki Steel Corp 

Chiba Research 
Centre 


Hazeiett/ 
Sumilomo Ml* 
Sumitomo HI 
Kashima 


Thickness 10-30 mm 
vv'edth: 100-150 mm 

vq : 0 . 7 - 12.5 m/min 


Slop 

Losv-carpon steels 
Si-steels 
Stainless steels 


Thickness: 40 mm Thin slap 

Wioin; 600-1300 mm 
vq. 2 - 8 m/min Al-killeO steels 

600.000 t/a (1300 mm) Stamiess steels 



Hazelert/ 

Nucor Corp. 
Darlinctcn. SC. 


Thickness; 25-38 mm 
Widin: 1300 mm 

vq! 1 . 5-8 m/min 

. 500 000 l/a (1300 mm) 


Carbon steels 


KruDD inpustnelecnnik Width; 


Thickness: 70 mmj Thin slap 


Haze.'en/ 
Bethienem Steel 
US Steel 
Universal. Pa 


Thickness: 12-25 mm Strip 

Width; 1830 mm 

intemjpted/abandoned 


» ■%nr' ;\'r*r a- 


— .JCTu Ntopon Kokan 


no details known 




Twin Belt Thin Slab Castei 


Process 


Technical data Product 


I cai»!r »<3 t>«n ' rotten 


MOH/MSA 
BeiC Horizonte 
( I 1938; 


Thickness 5-10 mm 
v>/idir^ 900 mm 

v^, 25 -50 m /mm 

750.000 t/a 


All Sleet grades 


G C ' s O'lpmag ! 

bn VI# Trw’Ring. 



Jones Lauqniin Thickness 5 mm 

(now iTV Steel) Width 380 mm 

PittSDurqn 75 m/min 

r.9-67-i975i - 



Kooe Steel 
Amacas3K. 


K/uCC ih'it"; AG 


Nippon YaKin 


isnmari Hh 
Nippon Kckan 


Thickness I -2 mm 

Width 260 mm 

IhiCKness 1-4 mm 
V.iuil' 3'.5<650m(n 

Thickness i-Jmm 

Widt h __ 

Thickness omm 

Width 1 1^0 mm 

Thickness 2-6 mm 
Width 400 mm 

25 m/min 


Thin strip 
Stainless steels 

Thin stno 
Siainiesr- steeis 

Tnin strip 
Siamie ss steels 

Str-O 

Stainless steets 
Smo 

Thin strip 
Careen steets 
Stamiess steels 


5-10 mm c, 


Fifl. 2.3 


Moving Belt with 1 or 2 Rollers 







‘-ssnm S!eei 
“•jtacr.! Coro 

ThicKneso: < 5rr,m 

vVioih: 200 mm 

Thin sirid 

Stainless steels 


Kawasak< Sleei Core 

Thickness: 0.5 mm 

VViClh 100 mm 

Thin striD 

Sr steeis 

Tv¥in ’Ci'ler 

Armco * !n:ana Steel * 
’.Vetrton Stee' + 
EetMeherr; Steei 

ThicKness < 5 mm 

Width 300 mm 

Thin stno 


C’.ecsm/lrsjd 

Thickness. 2-10 mm 

Width 200 + 850 mm 

Slrio 

Thin stno 

Stainless steels 

i . 

U 

S£C/Briiisn Sleet Core. 

Thickness 3 mm 

Width 400 mm 

Thin stno 

Stainless steels 

eSM 

Thickness. 

Width 300 mm 

Thin striD 

Unalloyed steels 

vcest'Atojrie 

‘Thickness' 2-8 mm 

Width. 

Stno 

Thin stno 

Thyssen Gfiiio Funke 
- Aachen 

1 

Thickness. 0.1-2 mm 
Width 150 mm 

Thin StriD 

Si-steeis 

V-P> lur EiSe.^forsenung 
Ousseiccr! 

T'nickness 1 mm 

vv'.cth 100 mm 

Thin stno 

Si-steeis 

(X 

Armco Westingnouse 

V*idO!<*trJ’»sn 

Thickness 08-3 mm 
Width 75 mm 

Thin strip 

Aiiegneny Luci jn* 

Thickness 1-2 mm 

Width 300 mm 

Thin stf.c 

Stainless steels 


Fig. 2.4 
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Heat Transfer Coefficient 



Liquid Metal Temperature : 1580 *C 
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Liquid Metal Temperature : 1600 *C 
Drum Wall Thickness : 50 mm 
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Heat Transfer Coefficient 
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Temperature of Copper Drum 



3^ 'djniDjBduLiai 






o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

O 

o 

o 

ir> 

ro 


OD 


Lf) 

ro 


3^ ' djn;Djdduuai 


Fig. 5.9 Effect of cooling condition on the Cross sectional 
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Fig. 7.1 Schematic sketch of Model based on Unsteady State 

Heat Transfer 



Table 1.1 


ConipariBon of the energy required to make carbon steel 
strip/sheet by the three processes'^ 


Process 

kWh /ton 
produced 

kWh/ton 

shipped 

X materi al 
loss 

Ingot casting 

1760 

2394 

27 

Cont i nuous cast i ng 
< convent! onal ) 

1^142 

1933 

25- 

Direct strip casting 

721 

750 

4 















Table 3. 1 


Specifications of Water Spray Nozzle 
Hake : FULLJET, 1/2 “ dia 


Capacity in gallons per minute 
(g.p.in.) at different pressures 


Solid Spray angle 


Pressure 

Capacity of 



in 

Water 

Pressure 

Sol i d spray 

p. s. i . 

gal 1 ons/mi note 

in 

angle 



p » s« i . 


3 

5 

1 . 4 

1.8 

7 

64^ 

7 

2- 1 

20 

■ H 

lO 

2-5 

80 

61 

IS 

3.0 




20 

3-5 

30 

4.2 

40 

4^8 

60 

5-8 

80 

6-7 

too 

7-4 

150 

8.9 



TABLE 4. 1 


LIQUID METAL TEMPERATURE = 1580 C 
hpp = 4 1068. 6 W/St^, m. C 

'^CuW "" W/Sq. m. C 


R. P. M. POOL FUNCT I ON 

TEMP. FOR POOL 

DEG. C TEMP. 


0. 200 

1517.5 

0. 300 

1518.5 

0. 400 

1519. 4 

0. 500 

1520. 2 

0. 600 

1520. 9 

0. 700 

1521. 6 

0. 800 

1522. 2 

0. 900 

1522. 7 

1. 000 

1523. 2 

1. 100 

1523. 7 

1. 200 

1 524. 1 

1. 300 

1524. 5 

1. 400 

1524. 8 

1 . 500 

1525. 2 

1 . 600 

1 525. 5 

1. 700 

1525. 8 

1 , 800 

1526. 0 

1 . 900 

1526. 3 

2. 000 

1526. 5 

2. 100 

1 526. 8 

2. 200 

1 527. 0 

2. 300 

1 527. 2 

2. 400 

1 527. 4 

2. 500 

1527. 5 

2. 600 

1 527. 7 

2. 700 

1 527. 9 

2. 800 

1528. 0 

2. 900 

1528. 2 

3. 000 

1528. 3 

3. 100 

1528. 5 

3. 200 

1528. 6 

3. 300 

1528. 7 

3. 400 

1528. 8 

3. 500 

1529. 0 

3. 600 

1529. 1 

3. 700 

1529. 2 

3. 800 

1529. 3 

3. 900 

1529. 4 


0. 000869808 
0. 000786530 
0. 000711079 
0. 000642296 
0. 000579250 
0. 000521152 
0. 000467381 
0. 000417428 
0. 000370854 
0. 000327293 
0. 000286426 
0. 000247990 
0. 000211756 
0. 000177516 
0. 000145099 
0. 0001 14352 
0. 000085134 
0. 000057322 
0. 00003081 7 
0. 000005517 
-0. 000018670 

■ 0. 000041813 
0. 000063989 

- 0. 000085259 
“0. 000105677 

0. 000125299 
•0. 000144177 
-0. 000162358 
-0. 000179872 
-0. 000196761 

■ 0. 000213064 
-0. 000228810 
-0. 000244023 

- 0. 00025874 1 
0. 000272975 

-0. 000286771 

- 0. 000300130 
-0. 000313082 



TABLE 4.2 


LIQUID METAL TEMPERATURE = 15 


*’CuW 


= 41068. 6 W/S<1. m. C 
= 1000 W/Sa. m. C 


R. P. M. 

POOL 



TEMP. 


DEG. 

C 

2 . no 

1526. 

8 

2. 120 

1526. 

8 

2. 130 

1526. 

8 

2. 140 

1526. 

8 

2. 150 

1526. 

9 

2. 160 

1526. 

9 

2. 170 

1526. 

9 

2. 180 

1526. 

9 

2. 190 

1527. 

0 

2. 200 

1527. 

0 


FUNCTION 
FOR POOL 
TEMP. 

0. 000003046 
0. 000000590 
-0. 000001856 
-0. 000004289 
0. 000006715 
•• 0. 000009129 
-0. 000011528 
-0. 000013918 
-0. 000016302 
-0. 000018673 


80 



2 i 


Table- 4*3 

LrsT OF Constants tisrn (n SiMt/i ATioN 


/Tj - 1 . 466 *^, 1 . 658 ^ 

= 2.007'^, 2.182^, 2.217*^ 

R . = O. 25m 

0 

= 10, 25, 50mm 

t. '= 0.0024m 

1 

= 0*003-0. 010m 

6 = 0 * 020 m 



Copper 


k' 


Cu 


k 

h 

h 


S 

1 1 
PF 

CuW 


c 

c 


ps 

pi 




1530°C 

1500°C 

0.5(Tj_+Tg)-- 1515°C 

25°C 

28°C 

1 580- 1 6 1 0°C 

BulV; Heat in - 75-90 7. Copper Bulk Heat out 
380.16 W/m .°C 
24 W/m.°C 

15000-40000 W/m^.°C 

1 000 - 1 3000 . 1 8000 , 23000 W / . °C 

690 J/kg.°C 

866 J/kg,°C 

272142 J/kg 


^Cu "" kg/m"’^ 

p - 731 1 kg/m"*^ 


'Cu 


0.00005 


in m. 


m 


0.00025 , 


t„ in ro. 
Cu 


n 


R . {ft -ft > /0.0002^ , R in m. 
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